INTRODUCTION
============

The rechargeable lithium-oxygen (Li-O~2~) electrochemical cell is peerless among energy storage technologies for its high theoretical specific energy (3500 Wh/kg), which far exceeds that of current state-of-the-art Li-ion battery technology ([@R1]--[@R4]). Li-O~2~ cells are under intense study for applications in electrified transportation because they are viewed as the gateway to Li-air storage technology that is capable of offering competitive specific storage capacities to fossil fuels. A Li-O~2~ cell consists of a Li metal anode, an electrolyte that conducts Li^+^ ions, and uses O~2~ gas hosted in a porous carbon or metal support as the active material in the positive electrode (cathode). Ideally, the cell operates on the principle that Li~2~O~2~ is reversibly formed and decomposed in the cathode, with the net electrochemical reaction of 2(Li^+^ + e^−^) + O~2~ ↔ Li~2~O~2~ at an equilibrium potential of 2.96 V versus Li/Li^+^. However, in practice, the physicochemical processes in Li-O~2~ cells rarely, if ever, live up to these ideals. For example, the insoluble electrically insulating Li~2~O~2~ is difficult to oxidize, which leads to high charging overpotential (charge voltage, \~4.3 V) on the oxygen evolution reaction (OER) and limits the cell efficiency to \~60 to 70% ([@R5]--[@R7]). Additionally, decomposition reactions between the electrolyte and reactive oxygen species at the positive electrode and lithium metal at the negative electrode form undesirable products that further limit cell life and efficiency ([@R8], [@R9]). Finally, insoluble Li~2~O~2~ produced upon discharge accumulates in the cathode, eventually clogging pores in the cathode support, which simultaneously limits the Li-O~2~ cell discharge capacity and compromises rechargeability ([@R10], [@R11]). A grand challenge in the field concerns the development of materials and cell running protocols that can overcome all of these limitations without compromising the favorable attributes of the Li-O~2~ cell.

Several approaches to overcoming each of the challenges with the Li-O~2~ cell have been proposed, but a frustrating observation is that promising solutions to one problem often come at the expense of others or create new problems in some cases ([@R1], [@R4]). For example, significant theoretical and experimental efforts to lower the overpotential of the OER have resulted in the exploration of soluble redox mediators as electrolyte additives. Redox mediators are first oxidized electrochemically at a lower potential than Li~2~O~2~; the oxidized form of a soluble redox mediator can therefore diffuse to and oxidize otherwise electrochemically inaccessible Li~2~O~2~ deposited on the cathode surface, regenerating the mediator and allowing the Li-O~2~ battery to be recharged at a lower overpotential. Since their introduction by Chen *et al.* ([@R12]), multiple successful demonstrations of this concept have been reported using tetrathiafulvalene ([@R12]), (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl ([@R13]), nitroxides ([@R13], [@R14]), lithium iodide (LiI) ([@R15]--[@R17]), tris\[4-(diethylamino)phenyl\]amine ([@R18]), iron phthalocyanine ([@R19]), and lithium bromide (LiBr) ([@R20]) as electrolyte additives. A drawback of this approach is that, with a few exceptions ([@R13], [@R21]), the redox mediator is free to diffuse throughout the cell and is reduced by Li metal in a parasitic process that depletes both the anode and the redox mediator. Likewise, efforts to improve the stability of electrolytes in the presence of the highly nucleophilic O~2~^•^ species produced at the cathode and the Li metal anode ([@R22], [@R23]) have produced mixed results.

It is now known that electrolytes based on ethers, carbonates, ketones, and esters are all broken down at the cathode of a Li-O~2~ cell by the highly nucleophilic Li~2~O~2~ discharge product. At the anode, no liquid electrolyte that can survive long-term contact with metallic Li presently exists, and few form a stable solid-electrolyte interphase (SEI) with Li ([@R24]). Results from electrochemical mass spectrometry studies have shown that straight-chain alkyl amides *N*,*N*-dimethylformamide and *N*,*N*-dimethylacetamide (DMA) are unique among electrolyte solvents because of their stability against nucleophilic attack at the Li-O~2~ cathode ([@R25], [@R26]). Burke *et al*. ([@R27]) reported that high--donor number (DN) solvents (such as dimethyl sulfoxide in their case) induce a solution-mediated reaction pathway at the cathode by stabilizing LiO~2~ intermediates and the anion NO~3~^−^, which leads to higher cell discharge capacity ([@R27]--[@R31]). A possibly obvious drawback is that these high-DN electrolytes undergo a continuous chemical reaction with the Li anode, degrading the anode and electrolyte. LiNO~3~ salt additives have been investigated for their ability to form stable coatings on Li metal in certain electrolytes, which passivate the metal against attack even by electrolytes containing oxidizing sulfur species ([@R32]--[@R35]). In an important study, Walker *et al*. ([@R36]) showed that electrolytes that combine the beneficial effects of LiNO~3~ and DMA enable longer-term cycling of Li-O~2~ cells, underscoring the synergistic benefits of a high-DN electrolyte and anode protection in the Li-O~2~ cell.

An unprotected Li metal anode can fail as a result of other processes that are more catastrophic than those precipitated by uncontrolled chemical reactions with a liquid electrolyte ([@R24], [@R37], [@R38]). Electrodeposition of lithium metal during battery recharge is physically unstable toward the formation of rough/dendritic structures on the anode that ultimately grow to short-circuit the cell. The ohmic heat generated by this process can trigger thermal runaway of the cell in organic liquid electrolytes, leading to cell failure by fire and/or explosions ([@R39]--[@R41]). Furthermore, because rough electrodeposition increases the surface area of Li in contact with liquid electrolytes, physical instability of the Li anode exacerbates chemical instability at the anode/electrolyte interface. Three recent reviews provide a comprehensive assessment of the strengths and shortcomings of practiced strategies for stabilizing rechargeable lithium batteries against failure by dendrite-induced short circuits ([@R24], [@R42], [@R43]). An important conclusion is that because Li deposition is fundamentally unstable, fundamentally based approaches that take advantage of multiple physical processes are likely to be the most successful in guaranteeing long-term stability of rechargeable batteries that use metallic lithium as an anode.

Herein, we report on the stability of Li-O~2~ cells using liquid electrolytes containing an ionomer salt additive that spontaneously forms a multifunctional SEI at the anode. The additive and the in situ--formed SEI that it forms are deliberately designed to take advantage of three fundamentally based mechanisms for stabilizing electrochemical processes at the anode and cathode of the Li-O~2~ cell. First, consistent with predictions from recent continuum ([@R44], [@R45]) and density functional analyses of lithium deposition ([@R46]), we report that ionomer electrolyte additives that can ensure low diffusion barriers and high cation fluxes in the SEI at the anode are highly effective in stabilizing deposition of Li. We demonstrate the success of these additives by means of electrochemical analysis and postmortem imaging. Second, we show that if the ionomer additives are designed to form thin conformal coatings at the Li surface, it is possible to passivate the anode surface against chemical attack by high-DN (DN = 27.8) liquid electrolytes capable of stabilizing oxide intermediates on the cathode. Finally, we report that the same material that stabilizes Li deposition on the anode also functions as an effective redox mediator that lowers the overpotential for the OER reaction at the Li-O~2~ cathode.

RESULTS AND DISCUSSION
======================

Understanding the anode protection mechanism
--------------------------------------------

### Characterization of the anode.

The electrolyte ionomer salt additive (2-bromoethanesulfonate lithium salt) investigated in the present study is illustrated in [Fig. 1A](#F1){ref-type="fig"}. The material was chosen because of its ability to react with lithium to simultaneously anchor lithium ethanesulfonate at the anode/electrolyte interface and to generate partially soluble LiBr in the electrolyte. The specific ionomer chemistry selected for the study is motivated by four fundamental considerations. First, recent continuum theoretical analysis ([@R44], [@R45]) and experiments ([@R47]--[@R49]) indicate that tethering anions, such as sulfonates at the anode/electrolyte interface, lowers the potential at the interface during Li deposition and in so doing stabilizes the deposition. Second, joint density functional theoretical (JDFT) calculations ([@R46]) show that the energy barrier *E*~a~ for Li^+^ diffusion at a Li anode coated with LiBr salt (*E*~a,LiBr~ ≈ 0.03 eV) is much lower, by a factor of around 8, compared to Li~2~CO~3~ (*E*~a,Li2CO3~ ≈ 0.24 eV), which forms naturally when aprotic solvents react with Li. This means that under isothermal conditions, stable deposition of Li in a given electrolyte can occur at deposition rates more than three orders of magnitude higher on a LiBr-coated Li anode than on an anode with a spontaneously formed Li~2~CO~3~-rich SEI. Third, the short hydrocarbon stem that connects the tethered sulfonate groups to Li should allow a dense hydrocarbon brush to form at the interface to protect the Li electrode from chemical attack by a high-DN electrolyte required for stability at the cathode. Finally, soluble LiBr undergoes electrochemical oxidation and reduction in an appropriate potential window to function as a soluble redox mediator.

![Artificial SEI concept and experimental verification of its proposed operating mechanism.\
(**A**) Schematic for the reaction of lithium 2-bromoethanesulfonate with lithium metal forming LiBr and lithium-based organometallic. (**B**) SEM image of the interfacial layer between an intact electrolyte and a lithium electrode, revealed in a cross section produced by cryo-FIB milling. (**C**) Lithium 1s peak obtained from XPS of the lithium metal anode of a Li-O~2~ battery with the electrolyte ionomer \[10% (by weight)\] in 1 M LiNO~3~-DMA. (**D**) Oxygen 1s peak of the lithium anode. (**E**) Bromine 3d peak of the lithium anode. In (C) to (E), the first row shows the postmortem analysis after discharging until 2 V, the second row shows the result after cycling once with each half-cycle 5 hours long, and the third row shows the result after cycling five times with each half-cycle 1 hour long. (**F**) Three-dimensional diagram of Nyquist plots obtained by impedance measurements at different intervals of time using symmetric lithium cells, in which -*Z*~im~ is the imaginary component of the impedance and -*Z*~real~ is the real component of the impedance. (**G**) Comparison of interfacial and bulk impedance values for ionomer-based and control electrolytes as a function of time. In (F) and (G), the red symbols denote results with the control electrolyte (1 M LiNO~3~-DMA), whereas the black and blue symbols represent batteries with 10 and 5% (by weight) ionomer additive, respectively, with the same electrolyte.](1602809-F1){#F1}

Cryo-focused ion beam (cryo-FIB) was used to characterize the morphology and thickness of the ionomer-enriched electrode/electrolyte interface with the liquid electrolyte intact but cryo-immobilized. In this technique, a symmetric lithium cell (with an ionomer-based electrolyte) was opened manually, and the sample was snap-frozen by immediately plunging it into slush nitrogen to preserve the electrolyte and to avoid air exposure. The sample was then transferred under vacuum into an FEI Strata 400 FIB fitted with a Quorum PP3010T Cryo-FIB/SEM Preparation System and maintained at −165°C for the duration of the experiment. To produce a cross section of the interface, we used the focused gallium ion beam to mill through the frozen electrolyte and into the electrode. This interface was then examined by scanning electron microscopy (SEM) and energy-dispersive x-ray (EDX) spectroscopy directly in the cryo-FIB. SEM images revealed an interfacial layer up to approximately 25 nm thick in most areas (see [Fig. 1B](#F1){ref-type="fig"}). EDX analysis shows that the chemical composition of the layer is similar to that in the bulk electrolyte and that bromine species are distributed more or less uniformly throughout.

Additional insight into the nature of the interfacial region can be obtained by washing away the electrolyte and analyzing the ionomer layer that remains immobilized on the Li metal. For this purpose, we used EDX and high-resolution x-ray photoelectron spectroscopy (XPS) analytical measurements. The XPS measurements used monochromatic Al K-α x-rays (1489.6 eV) with a beam diameter of 1 mm to probe a surface layer on the electrodes approximately 15 to 25 nm thick, that is, comparable to the thickness of the interface revealed by cryo-FIB. Figure S1 reports the two-dimensional EDX results on a lithium anode that was thoroughly washed after cycling. Sulfur and bromine signals are evident everywhere on the surface of the material. XPS analysis was also performed using postmortem measurements on lithium anodes harvested from Li-O~2~ cells subjected to different running conditions. High-resolution scans for anodes retrieved after cycling or after a single discharge with the ionomer additive in the 1 M LiNO~3~-DMA electrolyte are reported in [Fig. 1](#F1){ref-type="fig"} (C to E). The corresponding results without the ionomer are shown in fig. S2. In [Fig. 1C](#F1){ref-type="fig"}, it is apparent that after the first discharge, a Li 1s peak at 55.2 eV is observed on anodes with or without the ionomer present in the electrolyte. The peak may be attributed to the presence of LiOH, Li~2~O~2~, and Li~2~CO~3~ ([@R50]--[@R57]). A more prominent Li 1s peak is observed at 53.8 eV, accounting for about 85% of lithium, only in spectra of anodes cycled in the presence of the ionomer additive. This peak is indicative of the formation of a different SEI in electrolytes containing the ionomer; Li 1s peaks with comparable binding energy are reported for organometallics containing Li--C bonds (54.2 eV) ([@R58], [@R59]). This observation is consistent with the hypothesis that the ionomer reacts at the Li anode surface to form a lithium ethanesulfonate--rich SEI at the interface. Also, the fact that this binding energy is observed in the cycled anodes confirms that the SEI layer is stable and present even after repeated insertion and extraction of lithium ions into the underlying electrode.

Further evidence that the ionomer additive forms a stable SEI on Li can be deduced from the O 1s ([Fig. 1D](#F1){ref-type="fig"}) and Br 3d ([Fig. 1E](#F1){ref-type="fig"}) high-resolution scans. The O 1s peak at 532.2 eV comprises approximately 18% of the oxygen signal in cells without the ionomer additive, whether the anodes originate from cells that were subjected to a single discharge or were cycled. The 532.2-eV peak has been previously reported to originate from sulfonates ([@R60]), which accounts for 27 and 38%, respectively, of the oxygen signal when the anode is discharged once or cycled in the presence of the ionomer additive. The corresponding sulfur atomic contribution for the same materials can be computed from the wide survey scans (table S1) to be about 2% for the once discharged anode and about twice as high for the cycled anodes. The high-resolution scans of Br 3d reveal the formation of a single bond (a 3d~5/2~ and 3d~3/2~ doublet) with a Br 3d~5/2~ peak at 68.5 eV when the anode is discharged once in the presence of the ionomer. We attribute this peak to the formation of the Br--Li bond, which has been previously reported to occur at binding energies between 68.8 and 69.5 ([@R53], [@R61]). The same peak persists when the anode is cycled in the presence of the ionomer, but with a contribution of only around 15%. The reduced Li-Br species in the anodes of cycled cells is an indication of LiBr being solvated by the DMA electrolyte that can further participate in the redox mediation of oxygen cathode recharging. A more prominent Br 3d peak at 67.0 eV is observed only for the cycled anodes, likely originating from Br--C bonds \[binding energies between 66.7 and 71.0 eV ([@R60]--[@R65])\] in the SEI originating from an untethered ionomer. The untethered ionomer in the electrolyte can help in the regeneration of the SEI layer in repeated cycling. Our results based on XPS analysis thus show that the ionomer-added electrolyte forms a SEI layer of lithium ethanesulfonate and LiBr, in accordance with the proposed reaction mechanism.

The effectiveness of ionomer-based SEI on Li was analyzed using impedance spectroscopy measurements on symmetric lithium cells. The results are shown in [Fig. 1F](#F1){ref-type="fig"} with Nyquist-type plots at progressive time periods for control cells and those that contain 10% (by weight) ionomer additive. The Nyquist plots for electrolytes containing 5% ionomer additives are shown in fig. S3. The experimental data points are fitted with the circuit model illustrated in fig. S4 to deduce the bulk and interfacial resistances ([Fig. 1G](#F1){ref-type="fig"}) as a function of time for the control electrolyte as well as with 10 and 5% (by weight) ionomer additive. It is seen that the bulk resistance for all cells remain essentially constant for approximately 20 hours, beyond which the bulk resistance of the control diverges (the increase is much larger; see fig. S5 for the results for the control cells after 48 and 56 hours). The time-dependent interfacial impedance provides an even more sensitive indicator of the stability of the anode-electrolyte interphase in a high-DN solvent. It is seen that the initial interfacial resistances for control and ionomer SEI--stabilized Li electrodes are approximately equal (\~50 ohms). However, there is an exponential rise in the interfacial resistance of the control cell over time consistent with rapid reaction between Li and DMA. It is important to note that this reaction is observed although LiNO~3~ is present at large concentrations in the electrolyte. These results therefore challenge the view that LiNO~3~ provides an effective means of passivating Li metal anodes against reactive liquid electrolytes. In contrast, the results in [Fig. 1G](#F1){ref-type="fig"} show that the interfacial resistance remains constant (see also fig. S4) when the ionomer-based SEI is present. It is seen that the stabilization with 10% ionomer additive is marginally better than the 5% case. Together, these findings demonstrate that a SEI based on bromide ionomers has a large stabilizing effect on Li anodes in DMA-based electrolyte solvents.

### Lithium-electrolyte stability.

[Figure 2](#F2){ref-type="fig"} (A and B) reports on the quality of lithium ion deposition on stainless steel substrates mediated by control and ionomer-containing 1 M LiNO~3~-DMA electrolytes. For these experiments, cells were assembled with lithium as an anode and stainless steel as a virtual cathode. Lithium with a capacity of 10 mAh/cm^2^ was deposited at a rate of 1 mA/cm^2^ onto stainless steel, after which the cell was rested for a period of 10 hours and the voltage was monitored over time. [Figure 2B](#F2){ref-type="fig"} shows that in case of a control electrolyte, Li deposition takes place at a higher voltage compared to the ionomer-containing electrolyte. Also, it can be observed that after the rest period, the voltage measured in the control cells immediately rises to approximately 0.5 V. This high open-circuit potential after Li deposition is a reflection of the complete decomposition of Li deposits on stainless steel due to corrosion by the electrolyte. It is again worth noting that despite using the Li-passivating salt LiNO~3~ at high concentrations in the electrolyte, the freshly deposited lithium reacts completely with the electrolyte solvent. [Figure 2B](#F2){ref-type="fig"} also reports the corresponding voltage profiles observed in rested cells containing the ionomer as an electrolyte additive. It is seen that the cell voltage remains close to 0 V (versus Li/Li^+^), that is, near the open-circuit potential of a symmetric lithium cell, which means that the Li electrode is chemically stable in the reactive DMA electrolyte solvent.

![Stabilizing the lithium-electrolyte interface.\
(**A**) SEM images of stainless steel (SS) electrode after depositing lithium (10 mAh/cm^2^) in a Li\|\|SS cell with and without the ionomer additive using the same electrolyte of 1 M LiNO~3~-DMA. (**B**) Voltage profile of the Li\|\|SS cell plotted over time. In this experiment, Li^+^ ions were deposited onto the stainless steel side at a current density of 1 mA/cm^2^ for 10 hours, after which the cell was kept at rest for an additional 10 hours, as shown in the current-versus-time curve. In the voltage-versus-time graph, the red line represents the profile of the control electrolyte (1 M LiNO~3~-DMA), whereas the black line is for the same electrolyte enriched with 10% (by weight) ionomer additive. The dashed blue line in the current-versus-time graph is the applied current for both cases. (**C**) Linear scan voltammetry showing current as a function of voltage versus Li/Li^+^, with Li as both working and reference electrode and SS being the counter electrode. (**D**) In a Li\|\|SS cell, lithium with 10-mAh/cm^2^ capacity is deposited onto SS, and the battery was charged and discharged consecutively at various current densities. The cycle number associated with the divergence of voltage is plotted against the respective current densities. (**E**) Voltage profile for the strip-and-plate experiment under the abovementioned condition using a current density of 0.05 mA/cm^2^. In all figures, red indicates the control electrolyte (1 M LiNO~3~-DMA) and black represents the addition of 10% (by weight) ionomer additive, whereas blue denotes 5% (by weight) addition.](1602809-F2){#F2}

To further examine the morphology of Li deposits, we performed postmortem analysis, wherein the surface features of the electrodes were visualized under a SEM. [Figure 2A](#F2){ref-type="fig"} shows the SEM image of the surface of stainless steel in the control and ionomer-based electrolytes. For the control, there are few patches of Li observed, and large sections of bare stainless steel are clearly visible. In contrast, in electrolytes containing the ionomer, the stainless steel surface is covered with a thick layer of lithium. It is also seen that Li electrodeposits formed in the latter electrolytes are evenly sized and spherical, even at a relatively high current density of 1 mA/cm^2^. This observation is consistent with previous reports of more compact electrodeposition of Li in electrolytes with halide salt--enriched SEIs and single-ion--conducting features ([@R24], [@R42]).

To fundamentally understand the basis of these observations, we characterized the electrochemical stability of the electrolytes by means of linear scan voltammetry in the range of −0.2 to 5 V versus Li/Li^+^, at a fixed scan rate of 1 mV/s. [Figure 2C](#F2){ref-type="fig"} shows current as a function of voltage in a two-electrode setup of Li\|\|stainless steel. It is seen that for the control (indicated by the red curve), the current diverges at a value around 4 V versus Li/Li^+^, whereas for electrolytes containing ionomer additives, the current diverges at a higher voltage, around 4.3 V versus Li/Li^+^. This improved stability is consistent with previous reports of electrolyte composites with tethered anions ([@R49]), wherein anions fixed at or near the electrode surface limit access to and chemical reaction of anions in an electrolyte with the negative electrode. Another important feature of the results can be seen at a potential close to 0 V versus Li/Li^+^. The significant current peak apparent at approximately −0.2 V versus Li/Li^+^ for both control and ionomer-containing electrolytes is a characteristic of lithium plating onto stainless steel. However, as the voltage is progressively increased, the corresponding Li stripping peak is not seen in the control cell but is readily apparent in cells with the ionomer-containing electrolyte. This behavior is indicative of the complete consumption of lithium deposits on stainless steel in the control cells and is consistent with previous results of SEM.

[Figure 2](#F2){ref-type="fig"} (D and E) reports results from so-called galvanostatic "plating-stripping" experiments. These experiments are used to evaluate the stability of Li electrodeposition and to assess the propensity of the material to electrodeposit as rough, dendritic structures. In contrast to previous studies ([@R38]), where thick (\~0.75 mm) Li foil is used on both electrodes in plate-strip protocols, we performed these experiments using asymmetric Li/Li cells composed of one thick Li and one Li-lean (10 mAh/cm^2^ of Li deposited on stainless steel at 1 mA/cm^2^) electrode. The stability of the Li deposition reaction is normally assessed using three criteria: (i) magnitude of overpotential of lithium deposition, (ii) steep decrease of the cell voltage to zero with continuous charge-discharge, and (iii) a steady increase of the voltage over extended cycles of charge and discharge. In the first criterion, higher overpotential is indicative of formation of insulating products on the surface of the Li electrodes. It can be seen from Fig. 2E that at a fixed current density (0.05 mA/cm^2^), the voltage response for cells with ionomer-based SEI is low (approximately 6 mV), whereas the corresponding value for the control is much higher (approximately 150 mV). The second criterion is related to the short-circuiting of the cell when dendritic lithium that formed at one or both electrodes bridges the two electrodes. It is apparent that this phenomenon is not observed either in the control or for the ionomer SEI--stabilized electrodes. Thirdly, a rise in voltage over cycles represents an unstable SEI that grows continuously, eventually consuming the Li deposited on the stainless steel substrate. As seen in fig. S6, after only two cycles at both current densities studied, the control cell fails after a steep rise in voltage. This is quite different from what is observed for cells in which Li is stabilized by an ionomer SEI, which is stable for over 150 cycles. [Figure 2D](#F2){ref-type="fig"} reports the number of cycles at which the cell voltage diverges as a function of current density (*J*). The ionomer-based SEI is seen to improve cell lifetime at a fixed current density by nearly two orders of magnitude. These results underscore the effectiveness of the ionomer-based SEI in stabilizing electrodeposition of Li in amide-based electrolytes, which were previously thought to be unfeasible for lithium metal batteries because of their high reactivity with and ready decomposition by Li.

### Anode protection mechanism.

We hypothesize that the stability of the Li anode in DMA originates from two fundamental sources: (i) accumulation of LiBr salt at the Li/electrolyte interface, which facilitates Li-ion transport to the Li electrode during charging; and (ii) the existence of tethered sulfonate anions at the interface, which lowers the electric field at the electrode. Previous JDFT analysis revealed that the presence of lithium halides in the SEI of Li metal anode lowers the activation energy barrier by an order of magnitude or more for lateral Li diffusion at a Li/electrolyte interface, thereby increasing the tendency of Li to form smooth deposits ([@R46]). Comparing the surface diffusion barriers for various constituents of a typical SEI layer, Ozhabes *et al*. ([@R46]) found that Li~2~CO~3~, a common SEI constituent in carbonate electrolytes, has an energy barrier of 0.23 eV, whereas the barrier for a SEI composed of LiF is 0.17 eV. This difference has been argued previously to explain the much greater tendency of Li to form flat, compact deposits during battery recharge, as revealed by experiments in which weakly soluble LiF salts are enriched in the SEI by precipitating out of liquid electrolytes ([@R37]). The JDFT analysis shows that the activation energy barrier for Li-ion diffusion at a LiBr/Li interface is much lower (0.062 eV) and comparable to that of magnesium ([@R46], [@R66]), which is known in the literature to electrodeposit without formation of dendrites ([@R67]). Thus, the LiBr created during the formation of the SEI should provide an even more powerful (than LiF) stabilizing effect on Li deposition.

In addition to the presence of LiBr, the SEI created by the ionomer contains bound anionic groups in the form of lithium ethanesulfonate (Li-CH~2~CH~2~-SO~3~^−^). Thus, the electrolyte consists of a combination of free and tethered anions. In the past, researchers have realized the importance of single-ion--conducting electrolytes ([@R42], [@R68]), because these electrolytes prevent the formation of ion concentration regions within a cell, leading to stable ion transport even at a high charge rate. Recent linear stability analysis of electrodeposition by Tikekar *et al*. ([@R24], [@R44], [@R45]) showed that the stability of an electrolyte can be significantly enhanced by immobilizing only a small fraction (10%) of the anions. The design of our electrolyte, which is composed of a fraction of anions near the anodic surface, with LiNO~3~ as the free salt, is explicitly motivated by this theoretical framework. Thus, a modified SEI based on bromide ionomers tethered to the Li anode provides a powerful combination of processes that stabilize the anode against unstable electrodeposition.

Understanding the cathode stabilization mechanism
-------------------------------------------------

### Characterizing cathode products.

[Figure 3A](#F3){ref-type="fig"} shows a representative voltage profile for the galvanostatic discharge and charge for a Li-O~2~ cell with 1 M LiNO~3~ in an ionomer-enriched DMA electrolyte. Cutoff voltages of 2.2 and 4.3 V were used for the discharge and charge cycles, respectively, and both processes were performed at a fixed current density of 31.25 μA/cm^2^. Postmortem SEM analysis was used to study the evolution of discharge products on the cathode at three stages of discharge (D1, D2, and D3) and two stages of charge (C1 and C2). The SEM images show the reversible formation and decomposition of an insoluble solid product on the cathode. Complementary x-ray diffraction (XRD) analysis ([Fig. 3B](#F3){ref-type="fig"}) shows that the cathode product is exclusively Li~2~O~2~ (no other products, such as LiOH, are observed). The SEM analysis shows that Li~2~O~2~ particles grow increasingly larger as the discharge progresses and nucleation sites for growth are filled, and the full discharge capacity of the cell is reached. Analysis of the particle sizes on discharge (see fig. S7) reveals that, at low current densities (for example, 15 μA/cm^2^), large Li~2~O~2~ particles (1 μm and higher) are formed. Comparing these results to those reported by Lau and Archer ([@R10]) for Li-O~2~ cells discharged in a 1 M LiTF in tetraethylene glycol dimethyl ether (TEGDME) (a low--donor number solvent), the Li~2~O~2~ particles formed in DMA are at least four times larger (see [Fig. 3C](#F3){ref-type="fig"}). These findings are consistent with expectations for the high DN of DMA, which solvates Li^+^ cations and enables a solution-mediated mechanism, circumventing capacity limitations from the passivation layer formed at the cathode, which enables deep discharge ([@R31]). At higher current densities, the particle size at the voltage cutoff decreases drastically, consistent with the idea that kinetic diffusion limitations ([@R27]) set the maximum particle size. Upon charge, the SEM images (R1 and R2) show a cathode that closely resembles that of the pristine electrode before discharge. Redox mediation from lithium 2-bromoethanesulfonate is thought to aid in the electrochemical decomposition of the large, insulating Li~2~O~2~ particles formed on the cathode. Support for this hypothesis comes from the effectiveness of the recharge process as well as from the flat charge profile observed until the full capacity of the discharge is reached; the voltage ultimately begins to rise because of the set voltage limit of 4.3 V. Thus, [Fig. 3](#F3){ref-type="fig"} shows that a Li-O~2~ cell with 1 M LiNO~3~-DMA in an ionomer-based SEI on Li can reach a high capacity through LiO~2~ disproportionation, fully use the formed Li~2~O~2~ during the recharge, and cycles with features indicative of the presence of a redox mediator.

![Characterization and electrochemical analysis of oxygen cathode.\
(**A**) Full charge-discharge cycle of a Li\|\|O~2~ cell using ionomer-enriched 1 M LiNO~3~-DMA electrolyte operated at a current density of 31.25 μA/cm^2^. The different points on the voltage profile indicate various stages at which the same-type cells were stopped for ex situ analysis. The images below the voltage profile show the surface of a carbon cathode at the D1, D2, and D3 discharge phases. The size of the Li~2~O~2~ is seen to be increasing over the course of discharge. C1 and C2 show the stages of recharge; it is seen in C1 that the cathode is absent of Li~2~O~2~ particles. (**B**) XRD analysis showing various characteristic peaks for a fully discharged and a recharged Li\|\|O~2~ battery. Here, diamonds denote Li~2~O~2~ peak and circles represent carbon. The red lines refer to the control electrolyte (1 M LiNO~3~-DMA), whereas black lines show the result for the same electrolyte with the ionomer additive. (**C**) The diameter of Li~2~O~2~ particles obtained by fully discharging a Li\|\|O~2~ cell is plotted as a function of current density. Here, black indicates the electrolyte (1 M LiNO~3~-DMA) with the ionomer additive, whereas red represents data from Lau and Archer's paper that used the electrolyte 1 M LiTF in TEGDME. \*From Lau and Archer ([@R10]).](1602809-F3){#F3}

### Cycling performance.

To evaluate the hypothesis that a high-DN electrolyte solvent and a redox mediator provide significant synergistic benefits for Li-O~2~ cells, we compare the voltage profiles for fully discharged cells without and with these attributes (see [Fig. 4A](#F4){ref-type="fig"}). It is seen that the discharge capacity of Li-O~2~ cells with a 1 M LiNO~3~-DMA + ionomer electrolyte is noticeably higher (\~6.5 mAh) than the discharge capacity of Li-O~2~ cells with a conventional 1 M lithium bis(trifluoromethane)sulfonimide (LiTFSI)--diglyme (\~5.1 mAh) with the same cathode loading. This finding is consistent with the observation of large-sized lithium peroxide structures owing to the solution-mediated nucleation of peroxides. Comparison of the charge cycle shows that with the diglyme electrolyte, the voltage diverges to \>4.2 V in \~3.5-mAh capacity, which is believed to be an indication of Li~2~CO~3~ formation and its effect on the charging process, whereas with the ionomer-based electrolyte, the voltage diverges at \~6.5 mAh (same as discharge). [Figure 4B](#F4){ref-type="fig"} shows the cyclic voltammetry experiment for a Li-O~2~ cell in a two-electrode setup with lithium as both reference and counter electrode. The measurements were performed between 1.9 and 4.5 V (versus Li/Li^+^) at a scan rate of 1 mV/s, and the normalized current is plotted against voltage. The current peaks for the ionomer-based electrolyte are an order of magnitude higher than those for the control electrolyte. Thus, it can be inferred that there is higher electrochemical activity owing to the higher stability of the electrolyte and redox mediation due to the presence of LiBr. The peak seen at \~3.5 V can be attributed to a Br~3~^−^/Br^−^ redox couple. The inset shows three cycles with ionomer-added electrolytes, where there is a slight shift of the current peaks to lower values.

![Galvanostatic cycling performance of lithium-oxygen electrochemical cell.\
(**A**) Voltage profile for batteries fully discharged and recharged with 1 M LiNO~3~-DMA + ionomer electrolyte (shown with a solid black line) and a low--donor number electrolyte, 1 M LiTFSI-diglyme (shown with a dashed black line), at a current density of 31.25 μA/cm^2^. (**B**) Comparison of cycling voltammetry results for the control electrolyte (1 M LiNO~3~-DMA; shown with dashed lines) and the same electrolyte with the ionomer additive (shown with solid lines). The inset shows three cycles of cyclic voltammetry for the ionomer case. (**C**) Voltage profile of the Li\|\|O~2~ battery with a cutoff capacity of 3000 mAh/g and a current density of 0.04 mA/cm^2^. The solid lines indicate ionomer-based electrolytes, whereas the control is shown with dashed lines. The inset shows the noisy profile of the fifth cycle with the control electrolyte. (**D**) Voltage profile with a capacity cutoff of 800 mAh/g and a current density of 0.08 mA/cm^2^ for a Li\|\|O~2~ cell using the control electrolyte (1 M LiNO~3~-DMA). (**E**) Voltage-versus-capacity curve with the same cutoff of 800 mAh/g using the ionomer additive in the electrolyte. (**F**) End voltage of charging cycle for the control and the ionomer-added electrolyte is plotted as function of cycle number.](1602809-F4){#F4}

Discharge and charge profiles for cells having the electrolyte 1 M LiNO~3~-DMA with and without ionomers with a capacity cutoff of 3000 mAh/g and a current density of 0.04 mA/cm^2^ are shown in [Fig. 4C](#F4){ref-type="fig"}. It is seen that both discharge and charge voltage curves tend to diverge to lower and higher values, respectively. Further, it can be seen from the inset of [Fig. 4C](#F4){ref-type="fig"} that the voltage profile becomes extremely noisy in the fifth cycle of the control electrolyte, whereas that with the ionomer additive is stable. This instability without ionomers can be attributed to the degradation of the electrolyte by reaction with the unprotected lithium metal. One major benefit of cells cycled with ionomers is reduced overpotential during charge relative to that of the control cell, thus increasing cycling efficiency. This is studied in a Li-O~2~ battery with a lower capacity cutoff of 800 mAh/g at a current density of 0.08 mA/cm^2^ for the control electrolyte ([Fig. 4D](#F4){ref-type="fig"}) and the ionomer-added electrolyte ([Fig. 4E](#F4){ref-type="fig"}). As shown in [Fig. 4E](#F4){ref-type="fig"}, the highest voltage on charge for cells with ionomers is approximately 3.7 V, close to the Br^−^/Br~3~^−^ redox reaction at 3.48 V. Control cells with solely 1 M LiNO~3~-DMA reach voltages of around 4.45 V, as seen in [Fig. 4D](#F4){ref-type="fig"}. This suggests a similar action to a redox mediator, in which Li~2~O~2~ is oxidized by Br~3~^−^ to reform Br^−^ in a cycle that lowers charge overpotential. The discharge and charge profiles remain similar over 30 cycles for cells with additive, whereas the charge profile in untreated cells increases more drastically. The distinct gentle slope of the initial portion of the discharge profile in cells with ionomers can be attributed to the presence of bromine species in the system. [Figure 4F](#F4){ref-type="fig"} compares the end voltage of recharge with and without the ionomer additive. The \~1-V improvement in the round-trip efficiency not only saves loss of input energy but also ensures long-life cycling by preventing electrolyte decomposition ([@R4]).

### Cathode stabilization mechanism.

At the cathode surface, LiBr is thought to participate in the redox mediation that promotes the OER reaction. In this process, the Li~2~O~2~ can be co-reduced with Br^−^ to form O~2~ and Br~3~^−^. The potential for Br^−^→Br~3~^−^ is 3.48 V; thus, the charging of a Li-O~2~ cell can be limited to this voltage. DMA's ability to dissolve peroxides also aids in the effective electrolyte-side redox mediation. Support for the uniqueness of these ideas comes from recent experiments that demonstrate the efficacy of LiI and LiBr as redox mediators in Li-O~2~ cells based on glymes ([@R20]). In the absence of water in the electrolyte, LiI was reported to produce a gradual rise in the discharge voltage due to formation of iodine and similar products. LiBr was found to be ineffective in maintaining a steady charge voltage. In electrolytes with high water content and LiI, LiOH has been shown to be the primary discharge product, which has been reported to be thermodynamically impossible to undergo OER. Our results therefore clearly show that protecting the Li anode in a 1 M LiNO~3~-DMA electrolyte with a SEI based on bromide ionomer overcomes fundamental limitations of the anode, cathode, and electrolyte in previously studied systems and enables stable cycling of these cells.

CONCLUSIONS
===========

In summary, we demonstrate that the addition of lithium 2-bromoethanesulfonate (ionomer) to 1 M LiNO~3~-DMA electrolytes produces a SEI at the lithium surface that stabilizes the anode in Li-O~2~ cells by at least two powerful processes. Compared to control cells with the ionomer SEI, Li-O~2~ cells based on lithium 2-bromoethanesulfonate exhibit flatter, more stable charge profiles and can withstand deeper cycling. Furthermore, we show that electrochemical charge-discharge processes in the cells coincide with the formation and decomposition of large Li~2~O~2~ particles as the principal OER product in the cathode. Analysis by linear scan voltammetry and "plate-strip" cycling analysis of the Li anode show that a SEI based on a lithium 2-bromoethanesulfonate ionomer on the anode provides chemical stability to Li against attack by DMA, as well as physical stability against rough, dendritic electrodeposition. Although we expect significant additional work from the "perfect" electrolyte for Li-O~2~ cells, by addressing fundamental issues that limit performance of the anode and cathode, we predict that multifunctional SEIs of the sort discussed in this study will emerge as critical to further progress.

MATERIALS AND METHODS
=====================

Li-O~2~ battery methods and materials
-------------------------------------

### Cathode preparation.

A cathode slurry was prepared by mixing 180 mg of Super P carbon (TIMCAL), 20 mg of polyvinylidene fluoride (Sigma-Aldrich), and 2000 mg of *N*-methyl-2-pyrrolidone (Sigma-Aldrich) in a ball mill at 50 Hz for 1 hour. Toray TGP-H-030 carbon paper was coated with an 80-μm-thick layer of carbon slurry using a doctor blade. The resulting coated carbon paper was dried at 100°C overnight under vacuum and transferred into an argon-filled glove box \[O~2~, \<0.2 parts per million (ppm); H~2~O, \<1.0 ppm; Innovative Technology\] without exposure to air. Disks (15.9 mm in diameter) were punched and weighed from the carbon paper to yield individual carbon cathodes. The weight of the active carbon layer (not including the carbon paper) averaged 1.0 ± 0.1 mg.

### Electrolyte preparation.

LiNO~3~ and LiTFSI were heated under vacuum overnight at 100°C to remove all traces of water and transferred directly into the glove box. DMA (Sigma-Aldrich) and bis(2-methoxyethyl) ether (diglyme; Sigma-Aldrich) solvents were dried over 3 Å molecular sieves (Sigma-Aldrich). Lithium 2-bromoethanesulfonate was obtained through ion exchange with sodium 2-bromoethanesulfonate (Sigma-Aldrich).

### Coin cell assembly.

First, a 0.5-inch-diameter (12.7-mm-diameter) hole was punched in the top (cathode) side of each CR2032 case. Then, a stainless steel wire cloth disk \[disk diameter, 0.75 inches (19 mm); wire diameter, 0.0055 inches (0.140 mm)\] from McMaster-Carr was added, followed by a cathode disk, a 19-mm-diameter separator (either Whatman GF/D glass fiber or Celgard 3501), 100 μl of desired electrolyte, 0.5-inch-diameter lithium metal, a 15.5-mm-diameter stainless steel spacer disk, a stainless steel wave spring (MTI Corporation), and an anode cap of the CR2032 case. The assembly was crimped to a pressure of 14 MPa with a hydraulic coin cell crimple (BT Innovations).

### Testing environment.

Cells were tested at a regulated pure O~2~ environment of 1.3 atm and allowed to equilibrate for 6 hours before electrochemical testing. Galvanostatic measurements were conducted using a Neware CT-3008 battery tester.

### Cyclic voltammetry.

The cyclic voltammetry test was performed in a two-electrode setup of Li\|\|air cathode. The batteries were cycled between 1.9 and 4.5 V at a scan rate of 1 mV/s several times.

Evaluating anode stability
--------------------------

### Impedance spectroscopy.

Cells in the symmetric configuration were assembled in an Ar glove box. Measurements were carried out using a Solatron frequency analyzer at a frequency range of 10^−3^ to 10^7^ Hz. The data were fitted into Nyquist-type plots using the equivalent circuit shown in fig. S2 with the software ZSimpWin. Impedance was conducted at room temperature at various time intervals.

### Linear scan voltammetry.

Linear scan voltammetry was performed in a Li\|\|stainless steel cell. The batteries were first swept to −0.2 V versus Li/Li^+^ and then they were swept in reverse direction until the voltage diverges.

### Lithium versus stainless steel cycling.

For cycling tests, lithium versus stainless steel cells were prepared and were cycled at 0.01 mA/cm^2^ between 0 and 0.5 V 10 times to form a stable SEI layer. Then, different tests were carried out as previously described.

Characterization techniques
---------------------------

### SEM and energy-dispersive analysis of x-rays.

Discharged cells were disassembled inside the glove box, and the cathodes were removed and transported to the SEM (Zeiss, LEO 1550 Field Emission SEM) within an airtight container. The cathodes were loaded onto the stage in the presence of a nitrogen stream. Images were taken with a single pass after focusing on a nearby region. Energy-dispersive analysis of x-ray (EDAX) measurements were performed by taking multiple counts on a small section of the sample.

### X-ray diffraction.

Cathodes were mounted on a glass microscope slide inside an argon-filled glove box and coated with paraffin oil to protect them from air during the XRD measurements. Measurements were performed on a Scintag Theta-Theta x-ray diffractometer using Cu K-α radiation at λ = 1.5406Å and fitted with a two-dimensional detector. Frames were captured with an exposure time of 10 min, after which they were integrated along χ (the polar angle orthogonal to 2θ to yield an intensity-versus-2θ plot.

### X-ray photoelectron spectroscopy.

XPS was conducted using Surface Science Instruments SSX-100 with an operating pressure of \~2 × 10^−9^ torr. Monochromatic Al K-α x-rays (1486.6 eV) with a beam diameter of 1 mm were used. Photoelectrons were collected at an emission angle of 55°. A hemispherical analyzer determined electron kinetic energy using a pass energy of 150 V for wide survey scans and 50 V for high-resolution scans. Samples were ion-etched using 4-kV Ar ions, which were rastered over an area of 2.25 mm × 4 mm with a total ion beam current of 2 mA, to remove adventitious carbon. Spectra were referenced to adventitious C 1s at 284.5 eV. CasaXPS software was used for XPS data analysis with Shelby backgrounds. Li 1s and O 1s were assigned to single peaks for each bond, whereas Br 3d was assigned to double peaks (3d~5/2~ and 3d~3/2~) for each bond with 1.05-eV separation. Residual SD was maintained close to 1.0 for the calculated fits. Samples were exposed to air only during the short transfer time to the XPS chamber (less than 5 s).
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fig. S1. Two-dimensional EDAX mapping of lithium-deposited stainless steel substrate with 1 M LiNO~3~-DMA electrolyte and 10% ionomer additive.

fig. S2. XPS results showing the binding energy of Li and O atoms with the control electrolyte (1 M LiNO~3~-DMA).

fig. S3. Nyquist plots of 1 M LiNO~3~-DMA enriched with 5% (by weight) ionomer additive, showing impedance for different storage times of the battery.

fig. S4. Equivalent circuit model to fit the Nyquist plot obtained from impedance spectroscopy measurement comprising bulk resistance, interfacial resistance parallel to a constant phase element, and a solid-state diffusion element.

fig. S5. Nyquist plots showing experimental as well as circuit model--fitted results of impedance measurements with symmetric cells for the control electrolyte and ionomer-added batteries after 48 and 56 hours of storage.

fig. S6. Stripping and plating of Li versus stainless steel cell after depositing lithium (10 mAh/cm^2^) onto stainless steel.

fig. S7. Size analysis of lithium peroxide particles after discharging a Li-O~2~ cell with 1 M LiNO~3~-DMA electrolyte and the ionomer additive at different current densities, as indicated in the box.

table S1. Atomic percentage of detected elements on lithium anodes.
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